Global petroleum exploration is currently undergoing a strategic shift from conventional to unconventional hydrocarbon resources. Unconventional hydrocarbons in tight reservoirs show characteristics distinct from those of conventional hydrocarbon sources hosted in structural and stratigraphic traps. The characteristic features include the following: a hydrocarbon source and reservoir coexist; porosity and permeability are ultra-low; nano-pore throats are widely distributed; hydrocarbon-bearing reservoir bodies are continuously distributed; there is no obvious trap boundary; buoyancy and hydrodynamics have only a minor effect, and Darcy's law does not apply; phase separation is poor; there is no uniform oil-gas-water interface or pressure system; and oil or gas saturation varies. Examples of unconventional hydrocarbon accumulations are the Mesozoic tight sandstone oil province and the Upper Paleozoic tight sandstone gas province in the Ordos Basin, north-central China. Generally, continuous hydrocarbon accumulation over a large area is a distinguishing characteristic of unconventional hydrocarbon sources. Because of the great potential of unconventional petroleum resources, it is believed that research on such resources will be at the forefront of the future development of petroleum geology.
Introduction
Oil and gas are necessities and represent strategic resources within modern society. As a branch of mineral geology, petroleum (oil and gas) geology is a comprehensive applied science that guides petroleum exploration and recovery. It aims to explain the generation, migration, accumulation and distribution of petroleum in the near-surface strata of the earth's crust. Petroleum geology has been substantially developed within the modern oil and gas exploration and exploitation industry, leading to the development of many classic petroleum geology theories. A short review of the development of petroleum geology is provided below. White (1885) proposed the anticlinal theory, in which the anticline is believed to control hydrocarbon accumulation. The prospecting techniques outlined by White (1885) were quickly accepted by petroleum exploration companies. In 1917, the American Association of Petroleum Geologists (AAPG) was founded and published their periodical AAPG Bulletin, in which Emmons (1921) subsequently published "Geology of Petroleum", thus heralding the birth of petroleum geology as an independent subject. Earth-Science Reviews 126 (2013) [358] [359] [360] [361] [362] [363] [364] [365] [366] [367] [368] [369] In the 1930s, after the discovery of the giant East Texas stratigraphic pool, geologists began to realize that the application of the anticlinal theory could not solve all problems in petroleum geology. McCollough (1934) presented the "trap theory", which was a milestone in the development of conventional petroleum geological theory. Pan (1941) subsequently proposed the theory of nonmarine origin petroleum. Hubbert (1953) introduced the concept of hydrodynamics into petroleum geology, and the trap theory was refined in the publications of Levorsen (1956 Levorsen ( , 1967 . During the peak phase of global conventional petroleum exploration and exploitation (1960-1970s) , the theory of plate tectonics (Wilson, 1963; Le Pichon, 1968; Morgan, 1968; McKenzie, 1969) was applied to the research of sedimentary basin formation and classification, as well as petroleum accumulation and occurrence. In the 1970-1980s, the theories of seismic stratigraphy and sequence stratigraphy were developed (Vail et al., 1977; Haq et al., 1987; Van Wagoner et al., 1987; Galloway, 1989; Van Wagoner, 1995; Cross and Lessenger, 1998) , as were the theories of organic origin and catagenesis of kerogen, to better explain petroleum formation (Tissot and Welte, 1978; Hunt, 1979) . Since the 1970s, petroleum migration has become an important research field (Berg, 1975; Magara, 1978; Schowalter, 1979; Roberts and Cordell, 1980; Davis, 1987; England et al., 1987; Hunt, 1990) . In the 1990s, sedimentary basin numerical-modeling technology (Lerche, 1990 ) and petroleum system theory (Magoon and Dow, 1994) were used to simulate hydrocarbon generation, migration and accumulation on a basin scale. Simultaneously, Peters and Moldowan (1993) published works promoting the development of petroleum geochemistry research, especially on the molecular scale.
In the last 20 years, unconventional resources, such as tight sandstone gas, coalbed methane, shale gas, heavy oil, and tar sands, have gradually aroused interest in the petroleum industry. Schmoker (1995) proposed the concept of "continuous-type petroleum accumulation", an important milestone in unconventional petroleum geology, which has since become a cutting-edge topic of research (Selley, 1998; Law and Curtis, 2002; Zou, 2012) .
This brief review demonstrates that the development of global petroleum exploration and petroleum geology can be split into three main stages: structural pools, stratigraphic pools and unconventional continuous accumulations. There are two major theoretical breakthroughs and technical innovations that have been made. The first is the shift from structural pools, with their easily identifiable traps, to stratigraphic pools, with traps that are more difficult to identify; the second is the breakthrough from stratigraphic pools to unconventional continuous accumulations lacking well-defined boundaries. The goal now is to find such continuous hydrocarbon reservoirs. According to the statistics of the International Energy Agency (IEA), the present size of global unconventional oil resources is up to 620 billion tons (IEA, 2010) , approximately equal to that of conventional resources. The exploitation of global unconventional oil resources is increasing so dramatically that production in 2008 (IEA, 2008) was in excess of 60 Mt, nearly double the production reported in 2001. Global unconventional gas resources are estimated to be 3921 tcm, i.e., eight times the volume of conventional resources (IEA, 2010) . The exploitation of unconventional gas resources is also increasing rapidly, accounting for 13% of total gas production (IEA, 2009). As a strategic field in future petroleum exploration, unconventional resources are more important in the global energy share and therefore warrant further research. In this paper, an introduction to unconventional petroleum geology is provided by comparing its distinguishing characteristics from those of conventional petroleum geology. A case study of the Ordos Basin, China, is presented as an example of continuous hydrocarbon accumulation.
Geological characteristics of conventional hydrocarbon accumulation in a trap
Conventional hydrocarbon accumulation is the key to traditional petroleum geology and usually refers to an individual hydrocarbon accumulation in a single trap with a uniform pressure system and oilwater contact. A trap is a reservoir rock capable of accumulating and retaining petroleum. If there is only oil (gas) in the trap, it is called an oil (gas) pool, whereas if there are both oil and gas, it is called a petroleum pool. A conventional hydrocarbon accumulation is a three-dimensional (3D) geological entity with clear boundaries. The bulk of a pool can be described through defined parameters, e.g., seep point, altitude and area of entrapment. Other parameters can be used to calculate the reserves in a pool, e.g., volume height of oil or gas, oil-or gas-bearing boundaries and extent area, gas top and oil ring and pore space.
In conventional hydrocarbon accumulations, hydrocarbon migration and fluid flow follow Darcy's law. Based on hydrodynamics, a conventional hydrocarbon reservoir is located in a zone with low hydraulic potential energy. It is entrapped individually or sealed by a higherpotential zone or impermeable rock. This type of accumulation usually forms in millimeter (micrometer)-pore reservoir rock and is distributed in a discrete or clustered pattern. The characteristics of hydrodynamics in a conventional accumulation include the following: (1) applicability of Darcy's law; (2) clear oil-gas-water contact; and (3) obvious effects of gravitational segregation and buoyancy. Therefore, hydrocarbons are likely to accumulate in an individual trap.
The two examples of the Daqing Placanticline oil field in the Songliao Basin and the Kela-2 gas field in the Tarim Basin, both in China, are provided to demonstrate the geological characteristics of conventional hydrocarbon accumulation. The Daqing Placanticline oil field predominantly consists of seven anticline accumulations (Fig. 1A) . The Lower Cretaceous sandstone reservoir has the following properties: trap area 1777.7 km 2 , trap altitude~200-250 m, thickness of the pay zone~140-200 m and oil-water contact − 1050 m. They are conventional reservoir rocks with a porosity of~22-30%, permeability generally greater than 100 × 10 − 3 μm 2 and pore-throat size generally greater than 3 mm. In this accumulation, Darcy's law applies and a unified hydrostatic system exists (pressure coefficient of 1.05). Based on these parameters, the measurable oil reserves are up to 45.6 × 10 8 t. The Kela-2 gas field is a gas accumulation in an anticline trap (Fig. 1B) . The Cretaceous-Paleogene sandstone reservoir has the following properties: trap area 49.6 km 2 , trap altitude 510 m, gas volume height~400 m, thickness of gas pay zone 200 m and gaswater contact −2468 m. It is a conventional reservoir with porositỹ 15-20%, permeability generally~200-800 × 10 − 3 μm 2 and porethroat size generally~0.4-16 mm. Darcy's law also applies, and the pressure coefficient is 2.02. The measured reserves are up to 0.284 tcm.
Geological characteristics for continuous hydrocarbon accumulation over a large area
Unconventional petroleum resources are continuously or quasicontinuously distributed hydrocarbon accumulations, which generally cannot be exploited through conventional methods and techniques, but they can be extracted economically using new technologies, e.g., improving reservoirs' permeability or fluid viscosity. An unconventional petroleum accumulation usually occupies a large volume, with low air permeability (b1 × 10 −3 μm 2 ) and low porosity (b10%). Although unconventional petroleum resources aroused interest early on (Roen and Kepferle, 1993) , they were not widely exploited by the exploration industry because of the preponderance of, poor reservoirs and the corresponding difficulty of exploration and exploitation. However, since the end of the 1970s, unconventional reserves, such as tight sandstone gas, coalbed methane and shale gas, have become the main additions to the growing reserves of petroleum. For instance, unconventional petroleum accounted for 13-72% of the increase in China's total reserves from 2000 to 2010 (Zou, 2012) . Therefore, research on unconventional resources is gradually attracting attention from the petroleum industry (Masters, 1979; Spencer and Mast, 1986; Law and Curtis, 2002; Dai et al., 2007 Dai et al., , 2012 Tong, 2007; Qiu et al., 2012; Jia et al., 2012a Jia et al., , 2012b Zhao et al., 2012a Zhao et al., , 2012b . Shanley et al. (2004) believed that the first clear description of an unconventional low-permeability gas province, in terms that are commonly associated with basin-centered systems, came from Masters (1979) , who described the deep, gas-saturated Cretaceous sandstone reservoirs of western Alberta, the San Juan Basin in New Mexico and Wattenberg field in the Denver Basin of Colorado. In 1995, the U.S. Geological Survey (USGS) suggested the concept of "continuous-type petroleum accumulation" (Schmoker, 1995) . The USGS emphasized that continuous gas accumulation is usually distributed over a large area, and there is no trap for the accumulation and buoyancy has a weak effect on hydrocarbon migration. Based on these concepts, the USGS appraised the available unconventional resources (Schmoker, 2002) , leading to the exploration and recovery of unconventional petroleum resources in the US. Law and Curtis (2002) proposed the concept of unconventional petroleum systems. They believed that such systems are neither related to structural traps nor substantially affected by gravitational segregation, and they are regionally charged in large- scale oil-bearing plays. In 2007, four major petroleum associations (AAPG, Society of Petroleum Engineers (SPE), World Petroleum Council (WPC), Society of Petroleum Evaluation Engineers (SPEE)) defined the relevant concepts for unconventional petroleum resources in their report (WPC, 2007) . A continuous-type deposit, nearly synonymous with unconventional resources, is pervasive throughout a large area and is not significantly affected by hydrodynamic effects. Such accumulations are deposits that include "basin-centered" gas, shale gas, gas hydrates and natural bitumen and oil shale accumulations. In this same report, technical problems and economic viability were also emphasized. Zou et al. (2009a , 2009b , 2010b , 2013a , 2013b , Zou, 2012 summarized Chinese petroleum exploration and developed the concept for continuous petroleum accumulation based on global unconventional petroleum geological research and exploration. A continuous petroleum accumulation is defined as an unconventional reservoir with continuous distributed hydrocarbons that make up a large proportion of an unconventional reservoir system.
Unconventional petroleum geology differs from traditional petroleum geology in terms of trap conditions, reservoir properties, combination of source and reservoir rocks, accumulation features, percolation mechanism, occurrence features, etc., (Zou et al., 2009a; Zou, 2012; Zou et al., 2012) . The two are compared in Figs. 2, 3 and Table 1. In conventional hydrocarbon accumulations, hydrocarbons are generated in the source rock and migrate into the reservoir rock. After the second migration, driven by buoyancy, hydrocarbons finally accumulate in a structural or stratigraphic trap. Unconventional hydrocarbon accumulations are mainly retained within the source rock and are continuously distributed over a large area. Hydrocarbons only experience primary migration or short near-source secondary migration. Unconventional hydrocarbon accumulations usually have neither a clear boundary between trap and seal rock nor a uniform pressure system. In unconventional accumulations, fluid differentiation is poor and multiple phases of oil, gas and water coexist (Fig. 3) .
As shown in Figs. 4 and 3, unconventional hydrocarbon resources have continuous and quasi-continuous accumulations (Zou et al., 2009b . Continuous accumulations are the main type, which include tight sandstone gas, tight sandstone oil, coalbed methane, shale gas, shale oil, shallow biogas, gas hydrate, etc. (Zou and Tao, 2008; Zou et al., 2010a Zou et al., , 2012 Zou et al., , 2013 . Quasi-continuous accumulations are those in unconventional reservoirs, such as carbonate fracture-cavity reservoirs, volcanic reservoirs and metamorphic reservoirs (Zou, 2012) .
The development of continuous hydrocarbon accumulation challenges the concepts of traditional petroleum geology (e.g., limitation of reservoir properties and "trap prospecting"). A continuous hydrocarbon accumulation has two critical features. First, there are hydrocarbonbearing beds (self-sourcing and near-source reservoirs) continuously distributed over a large area, without a clear trap boundary. Second, the hydrocarbon accumulation is not driven by buoyancy and only weakly affected by hydrodynamics. The key factor giving rise to these two features is a pervasively distributed nanometer-pore-throat network. The diameters of the pore throats range from~100-500 nm. The pore throats provide a connectivity function and thus affect the occurrence of continuous hydrocarbon accumulations. The key to exploring a pervasively continuous hydrocarbon accumulation is defining the reservoir range through advanced techniques such as 3D prestack seismic reservoir and fluid prediction techniques. With respect to development, methods such as micro-seismic monitoring, horizontal drilling and volume fracturing are adopted to artificially increase a reservoir's permeability (Fig. 2) .
Continuous hydrocarbon accumulation in the Ordos Basin, China
In the previous section, the geological features of continuous hydrocarbon accumulation over a large area were summarized. For clarity, this section presents two examples of Mesozoic tight oil and Upper Paleozoic tight gas in the Ordos Basin, north-central China (the main geologic parameters of which are outlined in Table 2 ).
The Ordos Basin is located in north-central China and occupies an area of~25 × 10 4 km 2 . The Ordos Basin is structurally affiliated with the Northwest China Platform. The western flank is narrow and steep, whereas the eastern flank is wide and dips slightly. The slope gradient of the main part (i.e., the Yishan slope) is lower than 6 m/ km (Fig. 4) . There are abundant petroleum resources in the Ordos Basin, continuously distributed over a large area, such as the Mesozoic tight sandstone oil province in the south of the Yishan slope and the Upper Paleozoic tight sandstone gas province in the north of the Yishan slope (Fig. 4) . The sandstone reservoir is pervasive and continuous, and it spans a large area of the Ordos Basin. The main period of sedimentary deposition was the Upper Paleozoic and Mesozoic, when a sufficient supply of clastic material within a stable and gentle slope setting developed a well-established fluvial-deltaic sedimentary system. Within this setting, fluvial channels frequently changed course, and sand bodies were laterally interfingered with one another. These widely distributed sedimentary sandstones within the basin provide good potential for a large gas or oil reservoir. The Upper Paleozoic formation constitutes a set of typical unconventional tight sandstone reservoirs that show widespread, overlapping distribution in plane view. In the vertical column, sandstones of multiple horizons are superimposed, with the cumulative sandstone thickness typically between 30 m and 100 m and the ratio of sand to mud in the major gas layer being greater than 3:5. The sandstone reservoir is up to~150-200 km long and extends lengthwise in the S-N direction (Fig. 4) . The deltaic front sand and basin-center debris-flow sand of the Mesozoic Yanchang Member are pervasive. Multiple sandstones are also superimposed, with the cumulative sandstone ranging from 20 to 50 m thick and the ratio of sand to mud in the oil layer being greater than 1:1. The sandstone reservoir is 100-120 km long and extends in the NE-SW direction (Fig. 4) . The contact part of the Upper Paleozoic and Mesozoic source and reservoir in the Ordos Basin is large in area, with oil and gas being distributed continuously in or near the source. There are two sets of Late Carboniferous and Early Permian coal-bearing formations in the transitional and deltaic front facies. The coal bed is cumulatively 6-15 m thick with a total organic content (TOC) above 70%. Dark mudstone is also distributed widely throughout the basin, with a thickness of~30-50 m and TOC of~2.0-3.0%. The present thermal evolution degree R o of coal-measure source rock is up to~1.5-2.5%. The wide coal source is in contact with large continuous sand bodies, with the contacted areas being~18 × 10 4 km 2 in extent. Natural gas is mainly found within the coal source, while some is also located within the near-source tight reservoir rocks (Fig. 5 ). There are also multiple sets of Triassic lacustrine source rocks, among which the 7th Yanchang Formation (T 3 y 7 , the dark mudstone formed during the high-stand period of the lake) is the most important one. The dark mudstone is cumulatively~25-35 m thick, with a TOC of~5.0-15.0% and type-I to type-II 1 kerogen. The present thermal evolution degree R o is up to~0.7-1.1%. The areas in contact are up to 5 × 10 4 km 2 in extent, with oil and gas being distributed continuously over a large area and the source rocks sandwiched in between (Fig. 5 ).
Both the Upper Paleozoic and Mesozoic formations in the Ordos Basin are fairly compacted sandstone reservoirs. The target zone in the Mesozoic oil province is mainly the Yanchang Formation, with its micrometer storage spaces being dominantly feldspar-, clastand laumontite-dissolved secondary pores (Fig. 6A) . The target in the Upper Paleozoic gas province is the Late Carboniferous and Early Permian formation, which has micrometer storage spaces predominantly composed of dissolved intra-granular and residual primary pores (Fig. 6D ). These two sets of tight sandstone reservoirs experienced the processes of compaction, siliceous cementation and calcareous cementation during deep burial diagenesis, and the resulting micrometer porosity within these reservoirs is not well developed (Fig. 6B, C, E and F) .
The tight sandstone reservoirs in the Ordos Basin have various types of nanometer pores. The tight sandstone of the Mesozoic Yanchang Formation typically has nanometer pores on the surface of grains, intercrystalline pores of authigenic clay minerals, and fractures between layers. The pores of quartz are pits on the surface. The shapes of the pores are irregular, with pore diameters of~200-400 nm (Fig. 7A) . The pores on the surface of feldspar are triangular or sub-orbicular in shape, with pore diameters of~70-200 nm (Fig. 7B) . In the shale of the Yanchang Formation, there are also pores in the clay mineral matrix (Fig. 7C )and organic pores (Fig. 7D) , with pore diameters of 100-400 nm. The tight sandstone pores of the Upper Paleozoic formation are predominantly filled with clay and silica. The clay minerals may include inter-crystalline pores that developed within authigenic clay structure (Fig. 7E ) and fractures between layers (Fig. 7F) , with pore diameters of~150-600 nm. The siliceous type includes connected fractures (Fig. 7G ) and intergranular micro-pores (Fig. 7H) , with pore diameters of~100-400 nm.
The tight sandstone reservoir in the Ordos Basin is characterized by ultra-low porosity and ultra-low permeability. The porosity and permeability of the tight sandstone of the Mesozoic Yanchang Formation are distributed evenly, with porosity values less than 13% accounting for 86.6% (Fig. 8A ) and a permeability of less than 0.5 × 10 −3 μm 2 (0.4 × 10 −3 μm 2 , 0.3 × 10 −3 μm 2 ) accounting for~86.3% (~83.3%, 78.0%) (Fig. 8B) . The porosity and permeability of the Upper Paleozoic tight sandstone is also distributed evenly, with porosity values less than 8% accounting for 61.3% (Fig. 8C) , permeability of less than 0.5 × 10 −3 μm 2 accounting for~82.9%; permeability of less than 0.5 × 10 −3 μm 2 (0.3 × 10 −3 μm 2 ) accounting for~78.1% (70.1%); and permeability of less than 0.3 × 10 −3 μm 2 accounting for~70.1% (Fig. 8D) .
The storage space of the tight sand reservoir in the Ordos Basin is mainly characterized by pore-throat sizes on the scale of nanometers. Within the tight sandstone of the Mesozoic Yanchang Formation, 57.2% of the total pore throats have radii smaller than 0.1 μm (Fig. 9A) . Within the tight sandstone of the Upper Paleozoic, 52.8% of the total pore throats have radii smaller than 0.1 μm, and 34.3% of the totals have radii between 0.1 and 1.0 μm (Fig. 9B) .
The tight sandstones of the Ordos Basin follow both Darcian and non-Darcian percolation laws, with the latter being dominant. NonDarcian percolation under a low permeability and low flow rate requires an additional driving force to initiate fluid flow, which means that the starting pressure gradient of the fluid in lowpermeability reservoirs increases the additional fluid resistant force. The starting pressure gradient of the Upper Paleozoic tight sandstone is~0.1-0.3 MPa/cm (Fig. 10) .
The nanometer-sized pore throats of tight sandstone reservoirs causes very poor gravity separation of oil, gas and water. The bondwater saturation is high and in some cases ultra-high. The coexistence of oil, gas and water is common and is continuously distributed in complex patterns. There is no uniform pressure system or oil-gas-water contact surface. The oil-or gas-bearing saturation varies. As calculated from well-logging data, the gas-bearing saturation of the Upper Paleozoic tight sandstone varies from 30% to 80% (Fig. 11) .
Conclusions and significance
Unconventional hydrocarbons in tight reservoirs exhibit characteristics that are distinct from those of conventional hydrocarbons in structural and stratigraphic traps. Generally, unconventional hydrocarbons accumulate continuously, and conventional hydrocarbons accumulate locally. Unconventional hydrocarbons exhibit characteristic features: the hydrocarbon source and reservoir coexist; porosity and permeability are ultra-low; nanometer-sized-pore throats are widely distributed; hydrocarbon-bearing reservoir bodies are continuously distributed; there is no obvious trap boundary; buoyancy and hydrodynamics have only minor effects; Darcy's law does not apply; phase separation is poor, and there is no uniform oil-gas-water interface or pressure system; and oil or gas saturation varies. In summary, unconventional continuous hydrocarbon accumulation over a large area is the distinguishing characteristic of unconventional petroleum.
Unconventional hydrocarbon resources occupy the lower part of the energy triangle structure, accounting for a large volume, most likely 80% of all remaining hydrocarbon resources (Masters, 1979; Deming, 2001) . The resources retained in source rocks (e.g., coalbed methane, shale gas and shale oil) account for~50%. The other resources, which experienced primary migration or short-distance secondary migration and accumulated pervasively in unconventional continuous or quasi-continuous reservoirs, (e.g., tight sandstone, tight limestone, carbonate rock, igneous rock and metamorphic rock), account for~30%. For example, unconventional hydrocarbon resources in China accounted for 75% of the total discovered hydrocarbon resources in 2010 (Zou, 2012) . Although the reserves of unconventional hydrocarbon are enormous, economically, they are difficult to explore by conventional techniques. Therefore, unconventional petroleum geology and unconventional exploration techniques require further development. It would be advantageous to do additional monitoring of continuous hydrocarbon accumulations over large areas.
